Although reinforced concrete structures are able to withstand towards a variety of adverse environmental conditions, reinforcement corrosion could lead to concrete structure deterioration. The present study examines four different ways of using corrosion inhibitors against pitting corrosion. In particular, it was investigated the chloride penetration resistance of reinforced cement mortars using corrosion inhibitor applied in three different ways. The corrosion behavior of the specimens was evaluated by electrochemical methods such as Linear Polarization Resistance and Half-cell Potential Resistance. In addition, the mass loss of steel rebars against time of partially immersion in sodium chloride (NaCl) solution was carried out in the lab. The experimental results showed that the corrosion systems examined in the study provide anticorrosion protection on steel rebars against chlorides comparing with the reference group.
Introduction
Reinforced concrete structures facing a widespread premature deterioration, especially structures located in the coastal marine environment, due to corrosion of steel reinforcement [1] .
Steel reinforcement in an uncracked concrete is protected due to the high alkalinity of the pore solution (pH = 12.5 -13.5) [2] . A thin surface layer of hy-Materials Sciences and Applications corrosion inhibiting admixtures.
In previous work [11] , it has been proved that the organic coatings can also be used for the protection of the steel reinforcement, as they consist a barrier between the porous concrete structure and the corrosive environment and so they are widely used in concrete structures for corrosion protection.
The main objective of this approach is the experimental study of different utilization of corrosion inhibitors. The possibility of protection that a corrosion inhibitor can provide, either as an additive or as a spray. Additionally, it was examined the protection that provides on the reinforcement steel an organic coating that contains corrosion inhibitor. The use of such organic coating would reduce the cost of labor as a single job will be required.
In order to determine the degree of protection of the corrosion inhibitor by different application modes (additive, spray, in color) specimens with reinforced mortar were made with four modes of inhibitor application were applied. These samples were exposed to a corrosive environment of 3.5% by weight and the degree of protection was evaluated by electrochemical measurements and by mass loss.
Experimental
Five groups of cylindrical specimens were constructed and each one of them consisted of 3 specimens. Each test probe was 10 × 10 × 10 cm in size and had 4 reinforcements, one in each corner with a 2 cm distance from the mortar surface. Steel rebars were embedded 20 cm from the bottom surface, in the mortar.
Steel rebars were cleaned with acetone, distilled water and water from the supply network placed in the cube mortars. Each steel rebar was electrically conductive with copper wire to allow electrochemical measurements; the specimens were then partially immersed in 3.5 wt% NaCl solution. The groups prepared in the lab were: 1) cement mortars with corrosion inhibitor used as an admixture in ratio 0.4 gr/100gr cement, 2) cement mortars with corrosion inhibitor sprayed on the external surface of the mortars, 3) cement mortars with organic coating containing corrosion inhibitor sprayed on the surface of mortar, 4) cement mortars with organic coating comprising inhibitor sprayed on the surface of the reinforcement before been inserted into the mortar and 5) cementmortars without corrosion inhibitors, for comparison reasons of the experimental results.
To evaluate the corrosion of steel rebars embedded in mortars were used the following methods:
-Half-cell potential measurements against time of exposure in chloride solution. An Ag/AgCl electrode (was used as reference in contact with the surface of each specimen. -Polarization Resistance (Rp) measurements using LPR method. Polarization curves recording of steel rebars.
-Calculation of Electrochemical mass loss using Faraday's Law.
-Gravimetric mass loss measurements of reinforcement steel against time of 
Material Selecting
For the construction of mortar specimens were used cement CEM ΙΙ/Β-Μ (P-W-L) 42.5 N, calcareous fine aggregates (0 -4 mm) and tap water of Athens.
The water/cement/aggregate ratio is 0. Table 2 . Figure 1 shows the reinforced mortars used in the present study.
-A corrosion inhibitor based on calcium nitrite (Ca(NO 2 ) 2 ) was used as an admixture for the mass of concrete in proportion 4% by weight of cement and as a spray on the external surface of mortars. Table 3 ).
Specimens
In order to evaluate the corrosion behavior of steel rebars in to cement mortar with corrosion inhibitors (additive or sprayed) or with varnishes were constructed. Five groups of specimens were constructed and each one of them consisted of 3 cube specimens formed in 100 mm × 100 mm. The ratio of the cement with aggregates and water were 1:3:0.5 and was added a NaCl solution of 5
Kg/m 3 . Before insertion of steel rebars into the mortar were cleaned according to ISO/DIS 8407.3 and then weighted to 0.1 mg accuracy. Then four (4) rebars for each specimen with a height of H = 100 mm and a diameter of φ = 50 mm, embedded into the mortar, at equal distances from the center of the specimen. Each steel rebar was electrically conductive with copper wire to allow electrochemical measurements. After three (3) days the cement mortars were demolded and placed in suitable containers with water and thereafter remained for 28 days under laboratory conditions (25˚C and 50% RH). At the end of the 28 days, the corrosion inhibitor was applied in each case, respectively. Table 3 summarizes the five categories of specimens prepared for the experimental set-up.
Experimental Set-Up

Half-Cell Potential Measurements (HCP)
Half-cell potential measurements are the most widely used method of detection of corrosion of steel reinforcement in concrete [2] . The measurement of the Table 3 . Description of the five groups of cement mortars that were constructed.
Group C.I.s Specimens in which corrosion inhibitor was applied as a spray on the external surface of mortar specimens Group C.I.a Specimens in which corrosion inhibitor was used as an admixture for the mass of concrete in with ratio 0.4 gr/100gr cement Group O.C.c Specimens in which a two-layer organic coating that includes corrosion inhibitor was applied on the external surface of mortar specimens
Group O.C.r Specimens in which a two-layer organic coating that includes corrosion inhibitor was applied on the external surface of steel rebars before been inserted into mortar Group REF Reference specimens, without inhibitor application corrosion potential of the steel using a reference electrode provides information on the corrosion rate (probability) embedder in cementitious materials [13] .
The Half-cell potential (Ecorr) is a thermodynamically dimension and shows only the tendency of steel rebars for corrosion but does not give information for the corrosion rate of reinforcement. Corrosion rate of reinforcements is affected by a number of factors, which can be the diffusion of oxygen, the concrete's porosity and the presence of highly resistive layer [7] . Measurements of the electrochemical potential of the steel reinforcement were obtained with the use of a high-impedance voltammeter.
Linear Polarization Resistance Technique (LPR)
A Potensiostat/Galvanost at Model 263A from EG&G Princeton Applied Research was used for the test with the associated software package in order to analyze the obtained data. The potential scan range was ±10 mV from OCP and the scan rate was 0.1 mV/s. The experimental set-up ( Figure 2 ) was consisted of the steel rebars that represent the working electrode, an electrode Ag/AgCl which represents the reference electrode and a carbon bar as a counter electrode.
Linear Polarization Resistance Technique is a rapid and non-destructive electrochemical method of monitoring corrosion rate in real time. In LPR measurements the reinforcing steel is perturbed by a small amount of its equilibrium potential. The polarization resistance is measured by applying a potential of ±10 mV of the steel equilibrium potential at a rate of 0.1 milliliters per second while simultaneously measuring the current strength [11] .
Based on Stern-Geary method, the polarization resistance is calculated using
Equation (1).
R p values are highly correlated with a number of factors, such as surface treatment, corrosive environment and the materials that were used at the construction of the specimens [2] . 
are the anodic and the cathodic Tafel slopes, respectively.
Corrosion current density, i corr , is calculated by Equation (3), where A is the surface area of steel that has been polarized.
corr corr
The mass loss is calculated by the Equation (4)
where, β is the mass loss of the steel rebar (g), I is the corrosion rate (A), M is the atomic mass of the metal (56 g for Fe), t is the time of exposure (s), z is the ion chance (2 for), and F is the Faraday's constant 96.500 (A*s).
Mass Loss of Steel Rebars
Mortar specimens were broken at 12, 18 and 24 months, in order to evaluate the corrosion from chloride ions. After re-dusting and cleaning, the final weight of the steel was obtained and the mass loss was calculated from the difference between its initial and the final weight at any age:
where, M initial is the mass of steel at the beginning, M final is the mass after immersion in NaCl 3.5% w/t.
Results and Discussion
Corrosion Evaluation
Half-Cell Potential Measurements
Half-cell potential tests were conducted following the ASTM C-867 guidelines, in order to determine the likelihood of active corrosion. Half-cell potential difference was measured using a high-impedance voltammeter, between the working electrodes and a reference electrode of Ag/AgCl. Table 4 shows the corrosion condition for the steel's corrosion potential according to ASTM C-867 criteria [14] . Figure 3 presents the average values of corrosion potential versus time of exposure in 3.5 w/t% NaCl solution for all the groups of specimens. Half-cell potential was measured at the time that specimens were exposed to the corrosive environment ("zero" time) and every month for two years.
From the results, it can be seen that the potentials of all test groups over the longest residence time in the 3.5% NaCl solution are between −150 mV and −600 mV. According to ASTM C867 there is a high corrosion risk. The specimens which corrosion inhibitor has been added as an additive appear to exhibit more positive values than the other test groups (values −150 to −400 mV). It is observed that the corrosion inhibitor that was used as an additive is activated after some time. A reason for that is likely to be that the additive corrosion inhibitor molecules are in a crystalline structure and released after a period of six months.
Also, the reference specimens appear to exhibit more electronegative values than the other groups. On the other hand, the specimens with organic coating on their surface exhibit more electropositive values than mortars with organic coating applied on the surface of steel rebars.
It should be mentioned that E corr values show the corrosion tendency of steel reinforcement. The actual corrosion from the chloride effect is shown by corrosion current measurements [15] .
Linear Polarization Resistance Measurements (LPR)
Linear polarization measurements were performed to all the specimens every month for 24 months of exposing to the corrosion environment.
According to As an example, a curve from linear polarization measurements, from a specimen of Group C.I.a after 12 months in the corrosive environment, is presented in Figure 4 .
In Figure 5 is presented polarization resistance (R p ) of the groups of specimens versus the time they are exposing to the corrosion environment.
Electrochemical Mass Loss
The corrosion of steel rebars can be calculated using the Faraday's Law equation. Figure 6 illustrates the mass loss of steel for every groups of specimens up to 24 months of exposure in NaCl solution. Generally, from Figure 6 the electrochemical mass loss increases with time for all groups. The electrochemical mass loss of the specimens that corrosion inhibitor is added as admixture in the mortar is lower than the electrochemical mass loss of the specimens that corrosion inhibitor was sprayed on the external surface of mortars. Figure 6 also shows that the reference specimens and the specimens that an organic coating was used either on the external surface or on the surface of the steel rebar show the highest electrochemical mass loss after 24 months in the corrosive environment.
From specimens that an organic coating was used, the smallest electrochemical loss presents the specimens where organic coating was applied on the surface of the mortar.
Gravimetric Mass Loss Measurements
For the calculation of the mass loss of the steel rebars, mortar specimens were partially immersed in 3.5 wt% NaCl solution and broken after 12, 18 and 24 months. Figure 7 presents the mass loss of the steel rebars versus exposure time in the corrosion environment. From the results it can be observed that the mass loss of reinforcements increases over the time. The reference samples exhibit the highest mass loss values of the reinforcement after 12, 18 and 24 months in the corrosive environment. Furthermore, it is observed that specimens with the smallest mass loss are those in which the corrosion inhibitor has been added as a 4 w/t % admixture.
Among specimens that a corrosion inhibitor was used, specimens containing 4 w/t % corrosion inhibitor exhibits smaller mall loss than the specimens sprayed on their surface with corrosion inhibitor. Comparing the two groups in which an organic coating was used, it is observed that after 24 months the specimens in which the organic coating was applied on the external surface of the mortar exhibit smaller mass loss that mortars where organic coating was applied on the surface of the steel rebars.
Discussion
From the evaluation methods used, it is observed that specimens in which corrosion inhibitor was used as an admixture for the mass of concrete in with ratio 0.4 gr/100gr cement had corroded less than the specimens with the other protective systems with a protection degree of 52% and 49% based to gravimetric and electrochemical mass loss, respectively. When corrosion inhibitor was used as a spray, the equal protection degree was 18% and 37%.
For the specimens which the two-layer of organic coating has been applied to their surface, demonstrate higher protection degree (around 16% gravimetric mass loss and 19% electrochemical mass loss) of the specimens that the two-layer of organic coating has applied to the surface of the steel rebars. The degree of protection of a good corrosion inhibitor is generally estimated at 50%. However, using the two varnishes the degree of protection was much smaller. This may be due to the diffusion of the volatile corrosion inhibitor not only into the mortar but also to the exterior surface of the specimen.
In previous work [17] the addition of organic corrosion inhibitors to mortar exposed in chlorine environment provided a protection rate of 25% based to mass loss. Another work [18] carried out the combined corrosion inhibitor protection with an inorganic coating in a chlorine environment. Protection rates in this case were only 21% (based to mass loss) for the corrosion inhibitor and 26%
(based to mass loss) for combined use of corrosion inhibitor and inorganic coating. In the same work the use of acrylic water-based paint at the surface of mortar provided 39 % protection degree.
Also, in a previous work [19] where it was examined the use of the same organic coating containing corrosion inhibitor that was used at the present study, in order to estimate anticorrosion protection on the reinforcement steel, showed that the use of the system organic coating/corrosion inhibitor applied on the surface of the mortar and on the surface of the steel rebar appeared an optimum anticorrosion protection of 29% based on mass loss, after 24 months in the corrosive environment, while the system organic coating/corrosion inhibitor applied on the surface of the mortar only gave a protection degree of 11% based on mass loss for the same period.
According to present study, although all the systems showed that protect from corrosion, the use of corrosion inhibitor based on calcium nitrite (Ca(NO 2 ) 2 ), as an admixture in ratio of 4 wt% gave after 24 months exposing in corrosion environment a level of protection 52% (based on mass loss). However, when corrosion inhibitor was sprayed on the surface of the mortar, the maximum level of protection was 18% (based on mass loss).
Furthermore, the combined use of organic coating with volatile corrosion inhibitors in the organic coating on the surface of the mortar gave the maximum level of protection after 24 months 16%.
When the corrosion inhibitor is applied by spraying, its entry into the mass of the mortar is accomplished by transferring water from the surface of the mortar to the interior. But this is reversible. When the surface of the mortar is wet (e.g. from rain), the corrosion inhibitor is removed away from the mortar. To prevent this transfer, the surface is painted.
In this work, the application of organic coating containing corrosion inhibitor was tested. In this way the two tasks: spray corrosion inhibitor and paint the surface, take place at the same time. This has the effect of reducing the cost of the repair. However, the specimens that the corrosion inhibitor was applied as spray (Group C.I.a. and Group C.I.s) behaved better than the specimens that was applied organic coating containing corrosion inhibitor (Groups O.C.c and O.C.r).
Therefore, diffusion of more corrosion inhibitors predominates over the hindering caused by the organic coating. 
Conclusions
In the present paper, four systems were studied regarding their protection level against corrosion by chloride ions. From the results of the measurements the following can be drawn: -Corrosion inhibitor that used as admixture into mortar provided better anticorrosion protection. -Organic coating containing corrosion inhibitor provided better anticorrosion protection when the organic coating was applied on the external surface of the specimens (Group O.C.c) compared to specimens where organic coating was applied on the surface of steel reinforcement (Group O.C.r).
-Generally, all the systems used provided anticorrosion protection.
The optimization of the composition of the organic coating in order to protect against corrosion of concrete reinforcements could be further studied. A possible improvement of the second layer of the organic coating, would increase corrosion inhibitor in the concrete as the corrosion inhibitor contained in the first layer will not vapor outwards.
